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Abstract

Purpose: To evaluate the performance of Delta*®"" Anatomy in patient-specific intensity-modulated radiotherapy quality
assurance. Materials and Methods: Dose comparisons were performed between Anatomy doses calculated with treatment
plan dose measured modification and pencil beam algorithms, treatment planning system doses, film doses, and ion chamber
measured doses in homogeneous and inhomogeneous geometries. The sensitivity of Anatomy doses to machine errors and
output calibration errors was also investigated. Results: For a Volumetric Modulated Arc Therapy (VMAT) plan evaluated on the
Delta* geometry, the conventional gamma passing rate was 99.6%. For a water-equivalent slab geometry, good agreements were
found between dose profiles in film, treatment planning system, and Anatomy treatment plan dose measured modification and pencil
beam calculations. Gamma passing rate for Anatomy treatment plan dose measured modification and pencil beam doses versus
treatment planning system doses was 100%. However, gamma passing rate dropped to 97.2% and 96% for treatment plan dose
measured modification and pencil beam calculations in inhomogeneous head & neck phantom, respectively. For the |0 patients’
quality assurance plans, good agreements were found between ion chamber measured doses and the planned ones (deviation: 0.09%
+ 1.17%). The averaged gamma passing rate for conventional and Anatomy treatment plan dose measured modification and pencil
beam gamma analyses in Delta* geometry was 99.6% + 0.89%, 98.54% + 1.60%, and 98.95% + 1.27%, respectively, higher than
averaged gamma passing rate of 97.75% + 1.23% and 93.04% + 2.69% for treatment plan dose measured modification and pencil
beam in patients’ geometries, respectively. Anatomy treatment plan dose measured modification dose profiles agreed well with
those in treatment planning system for both Delta* and patients’ geometries, while pencil beam doses demonstrated substantial
disagreement in patients’ geometries when compared to treatment planning system doses. Both treatment planning system doses
are sensitive to multileaf collimator and monitor unit (MU) errors for high and medium dose metrics but not sensitive to the gantry
and collimator rotation error smaller than 3°. Conclusions: The new Delta*®"" Anatomy with treatment plan dose measured
modification algorithm is a useful tool for the anatomy-based patient-specific quality assurance. Cautions should be taken when
using pencil beam algorithm due to its limitations in handling heterogeneity and in high-dose gradient regions.
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Introduction

With the increasing complexity of radiotherapy techniques,
patient-specific pretreatment quality assurance (QA) for
intensity-modulated radiotherapy (IMRT) has become a cur-
rent standard of practice to verify whether a treatment plan
would be properly delivered to a patient or not. An extensively
employed method for the patient QA is delivery of a verifica-
tion plan to a 2-dimensional (2D)"? or 3-dimensional (3D)
detector arrays.®> The agreement between the measured and
planned dose distribution in the 2D detector arrays or 3D phan-
toms is quantified by combining dose difference (DD) and dis-
tance to agreement (DTA). This method is called conventional
gamma analysis.®"'° Generally, the conventional gamma passing
rate (GP) provides a reliable agreement between the calculated
and measured dose in a homogeneous geometry. However, the
interpretation in clinical terms based on the conventional GP
remains unclear. A number of previous studies have shown that
the conventional GP had weak correlations to critical patient
dose errors,'''* suggesting that the conventional method has
limited sensitivity to different delivery errors.

New developments in commercially available verification
systems allow reconstructing dose on patient computed tomo-
graphy (CT) data sets based on the measurements by the QA
devices, such as Delta* phantom with Delta*®Y" Anatomy soft-
ware (Scandidos),">'® ArcCheck phantom with 3DVH software
(Sun Nuclear Corporation)'>!”'? and Octavius 4D system
(PTW).” With these platforms, comparisons between the recon-
structed and planned dose—volume histogram (DVH) can be made
with clinical considerations. Stambaugh et al'® and Hauri et al'®
have previously investigated the dose calculation accuracy of the
pencil beam (PB) algorithm in Delta*®Y" Anatomy software. The
recently released Delta*®Y™ Anatomy provides another choice of
dose algorithm, namely treatment plan dose measured modifica-
tion (TMM) algorithm. The performance of the new Delta*”"
Anatomy is therefore needed to be assessed in the context of
patient QA before it can be implemented clinically.

This study aimed to investigate the performance of the new
Delta*® " Anatomy in patient dose reconstruction for IMRT
QA. The sensitivity of Anatomy doses to the machine errors and
output calibration errors were also evaluated. The comparisons
of reconstructed doses for a variety of plans with measured doses
and treatment planning system (TPS) doses were presented.

Materials and Methods

Three different experiments were carried out in this study. The
details of experiments are described below.

Specific Tests

A. VMAT dose reconstruction on homogeneous and inhomo-
geneous phantoms

In this section, a VMAT plan was evaluated on a head & neck
phantom (inhomogeneous), Delta*, and slab phantom

(homogeneous). The schematic diagram of the experiment is
shown in Figure 1A.

First, the VMAT plan was originally designed to irradiate
the head & neck phantom provided by Imaging and Radiation
Oncology Core (IROC). The averaged CT number of PTV1 and
PTV2 is —8 HU and —4 HU, respectively, relatively higher
than that of “normal tissue” of —50 HU. The prescribed dose
was 6.6 Gy to PTV1 and 5.4 Gy to PTV2, respectively.

Second, a verification plan of the VMAT plan was created
on a water-equivalent RW3 slab phantom. The slab phantom
consisted of 11 slabs with the area 30 x 30 cm?. Before the film
QA procedure for the VMAT plan, a calibration procedure was
first carried out by irradiating eight 4 x 3 cm? pieces of GAF-
CHROMIC EBTS3 film (GF) (Ashland) from 0 up to 1000 MU
in 100 MU and 200 MU steps with 6 MV photon beam. Then a
piece of GF was placed on a horizontal plane (10 mm below the
isocenter plane) of the slab phantom and irradiated with the
VMAT plan.

Third, a verification plan of the VMAT plan was created on
the Delta* phantom. The plan was then delivered to the Delta*
phantom. The Anatomy doses in the geometries of head & neck
phantom, Delta* phantom, and slab phantom were calculated
based on the Delta* measured doses.

The gamma analyses were performed for Delta* measured
doses, Anatomy doses, and film doses with TPS doses as ref-
erence doses. The criteria of gamma analysis were set to 3%
DD and 3 mm DTA with 10% low-dose threshold. The gamma
analysis for the measured doses versus TPS doses and Anatomy
doses versus TPS doses will be referred as conventional gamma
analysis and Anatomy gamma analysis, respectively.

B. Patient-specific QA

In this section, 10 patient-specific QA plans were evaluated.
The schematic diagram is presented in Figure 1B. These plans
consisted of 2 VMAT fields or 5 to 7 sliding window IMRT
fields with prescribed dose (D,) ranging from 1.8 to 2.2 Gy to
95% of the target volume per fraction. These cases were cho-
sen to cover a range of field sizes, complexity and treatment
sites, including 3 head and neck plans, 2 thoracic plans, 1
abdomen plan, and 4 pelvic plans. Among these plans, 4 have
single plan target volume (PTV) and 6 have 2 targets with a
simultaneous integrated boost.

Each QA plan was delivered twice. The Delta* phantom
with its 2 detector arrays was used to measure the doses in the
first irradiation. Then a polymethyl methacrylate (PMMA)
plug in the Delta® phantom was replaced by a calibrated
TW30013 ion chamber (0.6 CC, PTW) to measure the doses
(the corresponding reference point: x = 21.2 mm, y = 0 mm, z
= 21.2 mm relative to the isocenter) in the second irradiation.
The ion chamber was connected to a PTW UNIDOSwebline
electrometer. The ion chamber measured doses were then com-
pared to the TPS doses. The dose deviation was calculated as
(Dmeas - Dplanned) X 100(70/])planned-

Based on the Delta* measured doses, the dose distributions
in geometries of Delta® phantom and patients were
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Figure 1. A, A VMAT plan was evaluated in the Delta* phantom, a water-equivalent slab phantom and a head & neck phantom. Comparisons
were done for TPS doses, film doses and Anatomy doses in these 3 phantoms’ geometries. B, Ten patient-specific QA plans were delivered to
Delta* phantom and an ion chamber. Ion chamber measured doses were directly compared to TPS doses. The Anatomy TMM doses and PB
doses in Delta* phantom’s geometry and patients’ geometries were compared to doses calculated in TPS. PB indicates pencil beam; QA, quality

assurance; TMM, treatment plan dose measured modification; TPS, treatment planning system.

reconstructed using Anatomy TMM and PB algorithms. The
conventional and Anatomy gamma analyses were performed
for all plans.

C. Error-induced plans evaluation

In this section, the sensitivity of the Anatomy doses to the
machine errors and output calibration errors was investigated.
The error-induced plans were delivered to Delta* phantom and
the Anatomy patient doses were reconstructed and evaluated.
The following 4 types of errors were introduced in 6 IMRT
plans (2 head & neck plans, 2 thoracic plans, and 2 pelvic
plans): (1) multileaf collimator (MLC) position shift error of

0.5, 1.0, 1.5, and 2.0 mm (by widening MLC leaves of each
bank with 0.25, 0.5, 0.75, and 1.0 mm, respectively); (2) MU
increased by 2%, 4%, and 6%; (3) gantry angle error of 1°, 2°,
and 3° in counter-clock-wise (CCW) direction; and (4) colli-
mator rotation error of 1°, 2°, and 3° in CCW direction.
Seventy-eight error plans were created in total.

The differences between the reconstructed and planned
DVH metrics were analyzed for the error-free and
error-induced plans. The percentage DD was calculated with
%DD = (Dps — D1ps) x 100% / D, where Dpg, Drps, and D,,
referred to the Delta*®Y"' Anatomy patient dose, TPS patient
dose, and the prescribed dose, respectively. For the error-
induced plans, boxplots of the %DD for various DVH dose
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Figure 2. The schematic of Anatomy TMM and PB dose calculation in patient geometry. PB, pencil beam; TMM, treatment plan dose measured

modification.

metrics were generated to evaluate the discrepancy distribu-
tions in a convenient manner in terms of their spread, center,
and the length of their tails. To evaluate sensitivity of the
Anatomy doses to the introduced errors, the percentage dose
deviations were calculated with AD = (Derror — Derror-free) X
100% / Dy, and linear regressions were used and the corre-
sponding Pearson’s correlation coefficients (» values) between
ADp4 and ADtpg were created. Since the introduced errors may
have different effects on different DVH metrics, it would be
preferable to analyze the sensitivity of reconstructed doses for
the DVH metrics separately. In this study, the DVH metrics
were roughly classified into 3 categories according to the dose
value: high-dose metrics referred to metrics with value higher
than 80% of the prescribed dose; (2) medium-DVH metrics
referred to metrics with value ranging from 20% to 80% of
D,; and (3) low-DVH metrics stood for metrics with value of
lower than 20% of D,,. The relationships between reconstructed
and planned dose errors were analyzed for these 3 types of
DVH metrics.

Delta* Verification System and Dose Reconstruction

The Delta* (ScandiDos AB) verification system consists of a
Delta*®V" Anatomy software and 2 orthogonal detector
arrays placed in a cylindrical PMMA phantom. The detector

arrays are 20 x 20 cm? with a total of 1069 p-type Si diodes
arranged with 2 different pitches: 5 mm in the central area
(6 x 6 cm?) and 10 mm in the outer area. A PMMA blind plug
is inserted in Delta® phantom (off the center of Delta* phan-
tom), which can be replaced by an ionization chamber to
measure the absolute dose.

The dose reconstructions were performed with the
Delta*® ™ Anatomy (August 2018 version). To perform dose
reconstructions, the measured percent depth doses, dose pro-
files in a water phantom and in-air relative output factors for
field sizes from 2 x 2 cm® to 40 x 40 cm?, and the linac head
information are required to characterize the beam in the
software.

A brief description of the basics of dose reconstruction is
presented in Figure 2 and discussed below. Firstly, TPS
DICOM objects, including patient plans (Radiotherapy [RT]
plan), patient doses (RT dose), CT images (RT image), and
structures (RT structure), are required to be imported into the
Delta*®Y" Anatomy. Then the following steps are involved: (1)
an ideal energy fluence is estimated through optimization by
solving a linear programming problem based on the imported
DICOM objects; (2) the ideal dose is calculated by convolving
the ideal energy fluence in the Delta* phantom; and (3) the
energy fluence modification is obtained by deconvolving the
DD between the measured and ideal dose in the Delta®



Tang et al

phantom. For PB dose calculation, the sum of the energy flu-
ence modification and the ideal energy fluence is convolved on
the patient geometry using a PB algorithm.?® This procedure is
referred to as “Anatomy PB dose calculation.” For TMM dose
calculation, the energy fluence modification in step (3) is con-
volved on the patient geometry using PB algorithm to obtain
the patient dose modification, then the total patient dose is
calculated as the sum of the planned patient dose and the
patient dose modification. This procedure is referred as
“Anatomy TMM dose calculation.” The formulas of optimiza-
tion and convolution are not shown here. More details can be
found in the vendor’s white paper.?’

In this study, the geometries of Delta* phantom and the slab
phantom were referred as “patients” when Anatomy dose cal-
culations were performed on them. The Delta* phantom data
sets were provided by the vendor and the relative density to
water was set to 1.147 in TPS.

General Treatment Planning and Delta* Measurements

All plans were generated in Varian Eclipse TPS (version 13.6,
Varian Medical Systems), using the anisotropic analytical algo-
rithm and a grid size of 2.5 mm for dose calculations. All plans
employed a 6 MV photon beam from a Varian Trilogy Linear
Accelerator (Varian Medical Systems) equipped with a Millen-
nium 120 MLC. The TPS has been validated after being
upgraded to the newest version.

Both the TPS and the linac have been accredited with dosi-
metry audit using Houston IROC IMRT phantoms. Therefore,
we have enough confidence in the accuracy of absolute deliv-
ered dose. The output, beam energy, flatness, and symmetry of
the linac were checked daily with QuickCheck (PTW) to make
sure that the differences between measurements and the estab-
lished baseline data were smaller than 1%. The leaf position
accuracy of dynamic MLC was checked with a picket fence test
at 4 cardinal gantry angles using an aSi-based EPID and Portal
Dosimetry software (Varian Medical Systems) in monthly QA
as recommended in AAPM TG142 report.*

The Delta* phantom was placed on the treatment table at the
isocenter of the linear accelerator using room lasers. With a
laser-based setup, the position shifts of the device should be no
larger than the tolerance (1 mm) of lasers in periodic QA. To
minimize the effect of daily output fluctuations and setup var-
iation on sensitivity analysis for dose error plans, the measure-
ments for the 6 original plans and the imperfect plans were
consecutively carried out on the same day.

Results

VMAT Dose Reconstruction on Homogeneous and
Inhomogeneous Phantoms

The gamma analysis results and representative dose profiles in
the Delta* phantom, slab phantom, and head & neck phantom
were extracted from the Anatomy and TPS and are shown in
Figure 3A, B, and C, respectively. The gamma analysis results

and the dose profiles of GF, TPS, and Anatomy are present in
Figure 3D.

The conventional gamma analysis for Delta* measured
showed a GP of 99.6%. For Anatomy doses, all points passed
the gamma analysis for TMM and PB calculations in the Delta*
phantom. The dose profiles of both Anatomy TMM and PB
calculations agreed well with those of TPS calculations.

For film QA in the slab phantom, the film doses showed a
GP of 99.3%, which was comparable to 100% for both TMM
and PB. The dose profiles reconstructed with both TMM and
PB exhibited reasonable agreement with the film dose profiles
and TPS dose profiles.

For the head & neck phantom, the Anatomy GP dropped to
97.2% and 96% for TMM and PB calculations, respectively.
The dose profiles of TMM calculations and PB calculations
also agreed well with those in TPS.

Patient-Specific QA

Table 1 summarizes the point dose deviations for the 10 patient
QA plans. The averaged difference between the ion chamber
measured doses and the planned doses were 0.09% + 1.17%.
For Delta* geometry, when compared to the TPS point doses,
the Anatomy TMM doses and PB doses for the point corre-
sponding to the reference point of ion chamber (21.2, 0, and
21.2 mm off the isocenter) showed a mean deviation of 0.48%
+ 1.47% and —0.4% =+ 1.54%, respectively. For patients’
geometries, the TMM point doses and PB point doses com-
pared to TPS point doses showed a mean deviation of
—0.57% + 2.65% and —2.36% + 2.38%, respectively.

Table 2 presents the gamma analysis results for the patient
QA plans. The averaged conventional GP is 99.60% + 0.89%.
For the Anatomy doses in Delta* geometry, the averaged GP
for TMM versus TPS and PB versus TPS was higher than 98%.
For Anatomy doses in patients’ geometries, the averaged GP
for TMM versus TPS was 97.75% + 1.23%. It dropped to
93.04% + 2.69% for PB versus TPS. According to our local
protocol for patient-specific QA, a plan is acceptable if the GP
is higher than 95% for the criteria of 3 mm/3%. For Anatomy
gamma analysis for PB versus TPS, 8 out of 10 plans failed to
meet the action level of GP.

Figure 4 shows 3 examples of comparisons for Anatomy
versus TPS dose profiles in Delta* phantom and patients’ geo-
metries. In these cases, good agreements were found between
Anatomy TMM calculations and TPS calculations in both
Delta* and patients’ geometries. The PB calculations exhibited
reasonable agreements with TPS doses in Delta* geometry.
However, substantial differences were observed in patients’
geometries.

Dose—Volume Histogram Metrics Comparisons for Error-
Free and Error-Induced Plans
Table 3 presents the mean value of the DVH metrics in the TPS

and the percentage difference between the reconstructed and
planned DVH metrics for the 6 original plans. The types of
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Figure 3. Gamma passing rate (GP) results and representative dose profiles’ comparisons in (A) Delta* phantom; (B) slab phantom; (C) head
and neck phantom; (D) the film QA results and dose profiles’ comparisons for TPS doses, Anatomy doses and film doses in slab phantom. QA
indicates quality assurance; TPS, treatment planning system.

Table 1. The Averaged Dose Deviations (Mean + SD [%]) for Ion Chamber Doses Versus TPS Doses, Anatomy Doses Versus TPS Doses for
Both Delta* Geometry and Patients’ Geometries for the Patient QA Plans.

Comparison data sets Mean + SD (%)
Ion chamber vs TPS (integrated over chamber volume) 0.09 + 1.17
Anatomy in Delta* phantom geometry (point dose) TMM vs TPS 0.48 + 147
PB vs TPS —04 + 1.54
Anatomy in patient geometry (point dose) TMM vs TPS —0.57 £+ 2.65
PB vs TPS —2.36 + 2.38

Abbreviations: PB, pencil beam; QA, quality assurance; SD, standard deviation; TMM, treatment plan dose measured modification; TPS, treatment planning
system.

Table 2. The Averaged Conventional and Anatomy Gamma Passing Rate Results (Mean + SD) for the Patient QA Plans.

Comparison data sets Mean + SD (%)
Delta* measured doses vs TPS doses 99.60 + 0.89
Anatomy doses vs TPS doses in Delta* geometry TMM vs TPS 98.54 + 1.60
PB vs TPS 98.95 + 1.27
Anatomy doses vs TPS doses in patients’ geometries TMM vs TPS 97.75 + 1.23
PB vs TPS 93.04 + 2.69

Abbreviations: PB, pencil beam; QA, quality assurance; SD, standard deviation; TMM, treatment plan dose measured modification; TPS, treatment planning
system.



Tang et al

2.5 —TPS

= Anatomy TMM
— Anatomy PB
2.0 pre=- Diff (TMM vs TPS)
peee+ DIff (PB vs TPS)

@ 1.5
2
210
y: Conventional: 100 %
TMM vs TPS: 98.5 %
0.5 PBvs TPS:985 % E

s et o
.0 peisrssses: ppsrssnte
0.0 Br2iresssasat?™ eissoeesnettit ittt o2 e

40 -20 0 20 40 60 80 100
z (mm)

35 T —— T T T T
TPS
3.0 Anatomy TMM E
Anatomy PB
2.5 Hpe=++ Diff (TMM vs TPS)
R =++« Diff (PB vs TPS)
3201 g
@
215t 1
(=]
1.0F R
y: Conventional: 99.7 %
0.5+ TMM vs TPS: 100 % 1
PBvs TPS: 100%
0.0 PR S :.'.'.:'Oed'.r
L L L L L h L 1

-100-80 60 40 -20 0 20 40 60 80 100
X (mm)

+s++ Diff (PB vs TPS)

Daose (Gy)

y: Conventional: 99.8 %
TMM vs TPS: 100 %
PBvs TPS: 989 %

0.0 BI380aasrtenensssorttassrsasensensiiil] s, pmnnionnnonns
e
.

-60 -40 -20 0 20 40 80
% (mm)

05 PBvsTPS. 91.2%
0.0 :a.nu.llulln-'.'.'.‘._‘“-““"“:-‘-.::::
-40 -20 0 20 40
z (mm)
3.5 T T
— TPS
30— Anatomy TMM

T T T T T T
3.0 [ ——TPS
[ Anatomy TMM
25 | e Anatomy PB
««= s Diff (TMM vs TPS)
==+« Diff (PB vs TPS)
20 1

Dose (Gy)
&)

-
o
L

v: TMM vs TPS: 97.7 %

w— Anatomy PB
+eves Diff (TMM vs TPS)
2.5 f..vus Dff (PB vs TPS)

y: TMM vs TPS: 97.9 %
PBvs TPS. 87 %

0.0 b b

e s h LW
5

¥ "

40 60 80 100

0

s tnessrnnt,
Taga e et
as

-100 -80 60 -40 -20 0 20
X (mm)

—TPS

| = ~Anatomy TMM
— Anatomy PB

++2+ Diff (TMM vs TPS)
[+~ Diff (PB vs TPS)

y: TMM vs TPS: 98.8 %
PBvs TPS: 942 %

1l egeeresiaserieed

L L

-60 -40 -20 0 20 40 60
X (mm)

Figure 4. Absolute dose profiles in TPS and Anatomy TMM and PB calculations: a VMAT plan for head&neck case in (A) Delta* phantom and
(B) real patient’s geometry; an IMRT plan for lung case in (C) Delta* phantom and (D) real patient’s geometry; an IMRT plan for sigmoid colon
case in (E) Delta* phantom and (F) real patient’s geometry. IMRT, intensity-modulated radiotherapy; PB, pencil beam; TMM, treatment plan

dose measured modification; TPS, treatment planning system.

DVH metrics were classified according to the value. The per-
centage DD of the DVH metrics for TMM versus TPS ranged
from —1.95% to 2.30% with a mean value of 0.06% + 1.26%.
Nearly 30% of DVH metrics exhibited percentage differences
higher than 3% for PB versus TPS, giving a mean value and a
standard deviation of —1.82% + 2.17%.

The box plots in Figure 5 present the percentage differences
between the reconstructed and planned DVH metrics for the
error plans. Again, almost all the absolute percentage dose
differences for TMM versus TPS (black boxes) were within
3%, while a considerable amount of dose differences for PB
versus TPS (red boxes) were higher than 3%.

Results of the Pearson correlation coefficients (r values) and
the slope of the linear regression lines for the reconstructed and
the planned dose errors are shown in Table 4. As an example,
Figure 6 presents the reconstructed versus planned dose errors
for 2 cases. For the plans with MLC and MU errors, the linear
regression analyses exhibited excellent linearity between the
Anatomy TMM dose errors and TPS dose errors since the
slopes were near 1 and the intercepts were near zero with
r values close to 1 (an ideal fit would have an expected
slope = 1, intercept = 0, and » = 1). The reconstructed dose
errors for plans with gantry or collimator rotation errors did not
imply strong correlations with the planned ones. The
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Table 3. The Mean Doses and the Dose Differences Between Reconstructed and Calculated DVH Metrics for 6 Original Treatment Plans.

Percentage dose difference (%)

Anatomical site Parameters TPS dose (Gy) TMM vs TPS PB vs TPS Types of DVH metrics
Oral PTV Duean 2.06 —0.75 —4.75 High
PTV Dgso; 2.00 —1.40 —5.55 High
BS D,y 1.78 —1.95 —3.05 High
SC Dy, 0.57 2.30 2.00 Medium
Parotid PTV D, can 2.08 0.20 ~0.50 High
PTV Dosy, 2.00 ~1.70 ~1.10 High
BS Dy 0.33 0.55 1.50 Low
SC Dy 0.56 0.95 0.75 Medium
Right lung PTV Dpean 2.10 0.80 —2.55 High
PTV Dgs, 1.97 0.25 —1.05 High
Heart Dyean 0.26 0.85 1.65 Low
RL Dyyean 0.62 —1.45 —1.45 Medium
RL Dy, 1.31 1.50 —0.65 Medium
Left lung PTV Dpean 2.10 1.33 —3.05 High
PTV Dos, 2.00 —1.90 —4.20 High
Heart Dpean 0.36 1.94 0.95 Low
LL Dyean 0.74 ~0.68 ~0.95 Medium
LL Dagy, 1.71 1.90 —~1.15 High
Sigmoid PTV Dyean 2.06 —0.15 —2.95 High
PTV Dos, 2.01 —0.75 —4.40 High
SC Dy, 1.13 0.85 —2.50 Medium
SI Doy 0.95 1.30 —0.95 Medium
Rectal PTV Dpean 2.06 —0.75 —4.75 High
PTV Doso 2.00 —1.40 —5.55 High
LFH D5, 0.70 0.30 —1.30 Medium
RHL D5y, 0.53 0.30 —1.25 Medium
Bladder Doy, 0.78 —0.80 —2.55 Medium

Abbreviations: BS, brain stem; DVH, dose—volume histogram; LFH, left femoral head; LL, left lung; PB, pencil beam; RL, right lung; RFH, right femoral head;
SC, spinal cord; SI, small intestine; TMM, treatment plan dose measured modification; TPS, treatment planning system.
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Figure 5. Box plots of the difference between reconstructed and planned DVH metrics. The box lines show the first quartile, median, and third
quartile. The top and bottom whiskers extend to the maximum and minimum values, respectively. The black boxes and red boxes represented for
the results for TMM versus TPS and PB versus TPS, respectively. PB indicates pencil beam; TMM, treatment plan dose measured modification;
TPS, treatment planning system.
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Table 4. The Correlation Analysis Results and the Slopes of Linear Regressions for the Reconstructed and Planned Dose Deviations for the
DVH Metrics.

TMM vs TPS PB vs TPS

Type of DVH metrics Type of errors Number of DVH metrics r s r s

High MLC opening 70 1.00 + 0.01 095 + 0.10 1.00 +£ 0.00 095 + 0.11
MU variation 56 1.00 + 0.00 098 + 0.08 1.00 +£ 0.00 0.99 + 0.07
Gantry angle error 56 0.17 + 0.64 —0.88 + 3.07 0.21 + 0.68 —0.84 + 3.77
Collimator angle error 56 0.48 + 0.58 0.14 + 1.61 048 + 0.59 —-0.04 + 1.81
MLC opening 50 097 £ 006 080 + 026 097 + 0.05 0.95 + 0.20

Medium MU variation 40 098 + 003 084 +028 099+ 0.02 097 + 0.13
Gantry angle error 40 034 + 069 035+ 063 050 + 065 023 + 0.83
Collimator angle error 40 0.53 + 067 097 +£ 155 0.50 + 0.77 1.74 + 3.82
MLC opening 15 094 + 0.10 1.08 +£ 049 0.87 + 0.15 0.89 + 0.38

Low MU variation 12 099 + 000 1.17 £ 030 054 + 0.77 0.46 + 1.02
Gantry angle error 12 0.34 + 0.61 041 + 236 —0.20 + 2.83 —0.09 + 0.62
Collimator angle error 12 —0.05 £ 093 0.59 + 1.71 0.01 + 0.83 0.79 + 1.26

Abbreviations: DVH, dose—volume histogram; MLC, multileaf collimator; PB, pencil beam; TMM, treatment plan dose measured modification; TPS, treatment
planning system.
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Figure 6. Reconstructed dose deviations versus TPS dose deviations caused by (A) and (B) MLC misalignment for the left lung case; (C) and
(D) MU errors for the rectal case. MLC indicates multileaf collimator; TPS, treatment planning system.

correlation analysis and linear regression results for PB versus The impact of these 4 types of errors to the patient dose
TPS were similar to TMM versus TPS, except that the PB dose  distribution was different. The dosimetric impact of the MLC
errors exhibited a weak correlation to the introduced MU errors and MU errors on the DVH metrics was more apparent than
for low dose metrics. that of collimator and gantry angle errors. The dose deviations
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of DVH metrics due to collimator and gantry errors considered
in this study were less than 2%. Besides, the impact of the
introduced errors to the DVH metrics varies from structure to
structure. Concerning a 2 mm MLC opening error could lead an
increase of the mean dose of PTV by 8.50%, while it resulted in
an increase of 1.65% for the mean dose of heart in the lung
cancer case in Figure 6A and B.

Discussion

The patient dose reconstruction based on the phantom measure-
ments has recently gained popularity in the patient QA proce-
dures. An accurate dose reconstruction method allows
clinicians to evaluate the clinical relevance of the QA results.
This study will help physicians and medical physicists to be
aware of the features and the constraints of the Delta*®¥!
Anatomy in patient QA.

In this study, various plans were evaluated for both homo-
geneous and inhomogeneous phantoms. Good agreements of
the ion chamber measured doses, film doses, Delta* measured
doses with TPS doses further validate the TPS calculations.
Both TMM and PB calculations exhibit good agreements with
film QA results in the homogeneous slab phantom. Only small
differences are found in Anatomy TMM versus TPS doses and
PB versus TPS doses in both Delta* and slab phantom. These
results indicate that both TMM and PB algorithms could pro-
vide satisfactory reconstructed doses in homogeneous
phantoms.

Treatment plan dose measured modification doses agree
well with TPS doses in not only homogeneous phantoms but
also inhomogeneous geometries. According to the schematic of
TMM dose calculation shown in Figure 2, a large amount of
TMM dose is from TPS patient dose, the dose modification in
the patient’s geometry is calculated with the PB algorithm only
if the linac delivered doses are different from those in TPS.
According to the evaulation results for error-induced plans, the
most significant discrepancy of dose errors occurred in the case
with 2 mm MLC misalignment, which leads to PTV mean dose
deviation more than 8%. The TMM DVH could reflect the dose
differences in this case. Besides, TMM calculations could also
reflect the MU errors. This means that TMM algorithm is reli-
able in cases with MLC positional errors and output calibration
errors. Since the PB algorithm has some issues with heteroge-
neity corrections,®> the TMM dose calculations may not be
very accurate when the value of dose modification is high. The
situation regarding more substantial discrepancy between the
linac and TPS calculations needs further investigations. It
should be noted that, since the TMM dose calculation is depen-
dent to the TPS calculation, the validation of TPS is critical
before the implementation of the Anatomy TMM algorithm in
patient-specific QA.

All plans meet the 95% action level with 3%/3 mm criteria
for TMM versus TPS doses in this study. A similar study was
carried out for Compass system,'? showing that the averaged
GPs for the whole body for 20 head&neck IMRT QA plans
were 97.48% 4+ 0.21% and 91.88% =4 0.22% using criteria of

3%/3 mm and 2%/2 mm, respectively. In this study, the TMM
reconstructions produced similar averaged GP of 97.75% using
3% / 3 mm criteria for all patient QA plans. However, the QA
device and software used in this study were quite different, thus
making a quantitative comparison is difficult.

For Anatomy PB calculations, the dose distributions agree
well with TPS calculations in 2 homogeneous phantoms in the
first VMAT plan. For the head & neck phantom, PB calcula-
tions pass the Anatomy gamma analysis with a GP of 96%, and
the PB dose profiles agree with TPS calculations at an accep-
table level. However, in the more heterogeneous patients’ geo-
metries (eg, head&neck case and lung case), the disagreements
tend to be more obvious. Larger discrepancies are also found in
the regions of high dose gradients, suggesting that Anatomy PB
algorithm may have issues in handling the heterogeneity and in
penumbra regions. These findings are consistent with the pre-
vious study performed by Stambaugh ez al,'> who compared
the dose distribution between Delta* PB calculations and
ArcCHECK planned dose perturbation (ACPDP) calculations.
Their studies demonstrated that the dose profiles and distribu-
tions calculated with Delta* PB algorithm showed poor agree-
ment with those with ACPDP algorithm and TPS in
heterogeneous CT data sets. The inaccurate dose calculations
with Delta® PB algorithm were also reported by Hauri ef al'® in
the border region of PTV and air-filled rectal balloon in pros-
tate plans. The authors suggested a criterion of 5%/3 mm
instead of 3%/3 mm in anatomy-based gamma analysis for the
Anatomy PB dose calculations. Our evaluation results suggest-
ing that TMM algorithm rather than the PB algorithm in Del-
ta*PYM Anatomy is a more appropriate choice in the cases of
heterogeneous sites.

Four types of errors were introduced, and then the dosi-
metric errors resulting from these errors were quantified. We
find that the introduced dose errors were correctly calculated
with the TMM algorithm for plans with MLC and MU errors. It
is no surprise that the correlations between the reconstructed
and planned dose errors are weak for the plans with gantry and
collimator rotation errors. The weak correlations can be attrib-
uted to several factors. First, the dosimetric impact caused by
the gantry and collimator angle errors is relatively slight in this
study. This is consistent with the results reported by Vielle-
vigne et al.** Besides, there might be small differences between
the performances of the linac at the time of delivery of QA
plans and those at the time of TPS commissioning, even though
periodic QA is carried out to minimize the systematic errors.
Furthermore, intrinsic errors are coming from the implementa-
tion of different dose calculation algorithms in the TPS and the
Delta*® ™ Anatomy. Therefore, the insignificant dose devia-
tions caused by the gantry or collimator errors may be masked
by the influence of the different algorithms or the systematic
errors of the linac.

It should be noted that each structure has a unique sensitivity
to the introduced errors. The sensitivity is likely to be affected
by multiple factors such as the geometry of the patient’s body,
the complexity of the fluence map, the size of the target vol-
ume, the distance to the radiation field. Addressing the question
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of how the manufactured errors influence the dose distribu-
tions in different structures needs more detailed analyses in
the future. What’s more, the 3D anatomy-based dose verifica-
tion raises new questions on topics, such as the correlations
between the organ-specific GPs and the DVH metrics. Future
efforts are also needed to establish an appropriate evaluation
criterion in anatomy-based QA to determine if a plan is accep-
table clinically.

This study has several limitations. First, the Anatomy doses
were not compared to 3D measurements since the gel verifica-
tion system is not available for our department so far. Second,
the performance of Delta® system in reconstructing patient dose
for stereotactic body radiation therapy (SBRT) plans was not
evaluated in this study. Since the field sizes are comparable to
the pitches of detectors of Delta,* the dose reconstruction
results for SBRT plans may be affected by the resolution of
the detector arrays. Therefore, a more detailed investigation is
needed and will be carried out in the future. In addition, limited
types of errors were used in this study. Other types of errors
might occur as well, and thus future work will expand the
evaluations to a variety of errors.

Conclusions

Based on the evaluation results, we conclude that the
Delta*®Y" Anatomy with TMM algorithm is a suitable tool for
measurement-based patient dose reconstruction. The PB algo-
rithm is not recommend since it has issues in handling inho-
mogeneity and in penumbra regions.

Acknowledgments

The authors would like to express their gratitude to Madeleine Holm,
Erik Béngtsson (ScandiDos AB Co.), and Guanyuan Liu (HGPT Co.)
for their assistance during the commissioning of Delta* system and
their helpful suggestions on the manuscript.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Du Tang @ https://orcid.org/0000-0002-6802-6800

References

1. Defoor DL, Stathakis S, Roring JE, et al. Investigation of error
detection capabilities of phantom, EPID and MLC log file based
IMRT QA methods. J Appl Clin Med Phys. 2017;18(4):172-179.
doi:10.1002/acm2.12114

2. Huang M, Huang D, Zhang J, Chen Y, Xu B, Chen L. Preliminary
study of clinical application on IMRT three-dimensional dose
verification-based EPID system. J Appl Clin Med Phys. 2017,
18(4):97-105. doi:10.1002/acm?2.12098

10.

11.

12.

13.

14.

15.

. Templeton AK, Chu JCH, Turian JV. The sensitivity of

ArcCHECK-based gamma analysis to manufactured errors in
helical tomotherapy radiation delivery. J Appl Clin Med Phys.
2015;16(1):32-39. doi:10.1120/jacmp.v16i1.4814

. Saito M, Sano N, Shibata Y, et al. Comparison of MLC error

sensitivity of various commercial devices for VMAT pre-
treatment quality assurance. J Appl Clin Med Phys. 2018;19(3):
87-93. doi:10.1002/acm?2.12288

. Yang B, Geng H, Ding Y, et al. Development of a novel metho-

dology for QA of respiratory-gated and VMAT beam delivery
using Octavius 4D phantom. Med Dosim. 2019;44(1):83-90.
doi:10.1016/j.meddos.2018.02.008

. Hussein M, Clark CH, Nisbet A. Challenges in calculation of the

gamma index in radiotherapy—towards good practice. Phys Med.
2017;36:1-11. doi:10.1016/j.ejmp.2017.03.001

. Heilemann G, Poppe B, Laub W. On the sensitivity of common

gamma-index evaluation methods to MLC misalignments in
Rapidarc quality assurance. Med Phys. 2013;40(3):031702. doi:
10.1118/1.4789580

. Park JI, Park JM, Kim JI, Park SY, Ye SJ. Gamma-index method

sensitivity for gauging plan delivery accuracy of volumetric
modulated arc therapy. Phys Med. 2015;31(8):1118-1122. doi:
10.1016/j.ejmp.2015.08.005

. Rajasekaran D, Jeevanandam P, Sukumar P, Ranganathan A,

Johnjothi S, Nagarajan V. A study on correlation between 2D and
3D gamma evaluation metrics in patient-specific quality assur-
ance for VMAT. Med Dosim. 2014;39(4):300-308. doi:10.1016/].
meddos.2014.05.002

Rajasekaran D, Jeevanandam P, Sukumar P, Ranganathan A,
Johnjothi S, Nagarajan V. A study on the correlation between
plan complexity and gamma index analysis in patient specific
quality assurance of volumetric modulated arc therapy. Rep
Pract Oncol Radiother. 2015;20(1):57-65. doi:10.1016/j.rpor.
2014.08.006

Zhen H, Nelms BE, Tome WA. Moving from gamma passing
rates to patient DVH-based QA metrics in pretreatment dose
QA. Med Phys. 2011;38(10):5477-5489. doi:10.1118/1.3633904
Caivano R, Califano G, Fiorentino A, et al. Clinically relevant
quality assurance for intensity modulated radiotherapy plans:
gamma maps and DVH-based evaluation. Cancer Invest. 2014;
32(3):85-91. doi:10.3109/07357907.2013.877478

Stasi M, Bresciani S, Miranti A, Maggio A, Sapino V, Gabriele P.
Pretreatment patient-specific IMRT quality assurance: a correla-
tion study between gamma index and patient clinical dose volume
histogram. Med Phys. 2012;39(12):7626-7634. doi:10.1118/1.
4767763

Crowe S, Sutherland B, Wilks R, et al. Relationships between
gamma criteria and action levels: results of a multicenter audit
of gamma agreement index results. Med Phys. 2016;43(3):
1501-1506. doi:10.1118/1.4942488

Stambaugh C, Opp D, Wassrman S, Zhang G, Feygelman V.
Evaluation of semiempirical VMAT dose reconstruction on a
patient dataset based on biplanar diode array measurements.
J Appl Clin Med Phys. 2014;15(2):169-180. doi:10.1120/jacmp.
v15i2.4705


https://orcid.org/0000-0002-6802-6800
https://orcid.org/0000-0002-6802-6800
https://orcid.org/0000-0002-6802-6800

Technology in Cancer Research & Treatment

16.

17.

18.

19.

Hauri P, Verlaan S, Graydon S, Ahnen L, Klock S, Langa S.
Clinical evaluation of an anatomy-based patient specific quality
assurance system. J Appl Clin Med Phys. 2014;15(2):181-190.
doi:10.1120/jacmp.v15i2.4647

Saito M, Kadoya N, Sato K, et al. Comparison of DVH-based plan
verification methods for VMAT: ArcCHECK-3DVH system and
Dynalog-based dose reconstruction. J App! Clin Med Phys. 2017;
18(4):206-214. doi:10.1002/acm2.12123

Nakaguchi Y, Ono T, Onitsuka R, Maruyama M, Shimohigashi Y,
Kai Y. Comparison of 3-dimensional dose reconstruction system
between fluence-based system and dose measurement-guided sys-
tem. Med Dosim. 2016;41(3):205-211. doi:10.1016/j.meddos.
2016.03.001

Infusino E, Mameli A, Conti R, et al. Initial experience of
ArcCHECK and 3DVH software for RapidArc treatment plan
verification. Med Dosim. 2014;39(3):276-281. doi:10.1016/j.
meddos.2014.04.004

21.

22.

23.

24.

. Ahnesj A, Saxner M, Trepp A. A pencil beam model for photon dose

calculation. Med Phys. 1992;19(2):263-273. doi:10.1118/1.596856
Gustaffson A. Patient dose calculation based on ScandiDos
Delta4 measurements. Accessed September 05, 2013. http://
scandidos.com/upload/Documents/References/D001%203
2%20013%2001%20White%20Paper%20-%20Deltad DVH%20
Anatomy.pdf

Klein EE, Hanley J, Bayouth J, et al. Task group 142 report:
quality assurance of medical accelerators. Med Phys. 2009;
36(9):4197-4212. doi:10.1118/1.3190392

Elcim Y, Dirican B, Yava O. Dosimetric comparison of pencil beam
and Monte Carlo algorithms in conformal lung radiotherapy. J Appl!
Clin Med Phys. 2018;19(5):616-624. doi:10.1002/acm?2.12426
Vieillevigne L, Molinier J, Brun T, Ferrand R. Gamma index
comparison of three VMAT QA systems and evaluation of their
sensitivity to delivery errors. Phys Med. 2015;31(7):720-725. doi:
10.1016/j.ejmp.2015.05.016


http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf
http://scandidos.com/upload/Documents/References/D001%2032%20013%2001%20White%20Paper%20-%20Delta4DVH%20Anatomy.pdf


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


